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Microbial activity in soils is the main source of nitrous oxide (N2O) to the atmosphere. 
Nitrous oxide is a strong greenhouse gas in the troposphere and participates in ozone 
destructive reactions in the stratosphere. The constant increase in the atmospheric 
concentration, as well as uncertainties in the known sources and sinks of N2O underline the 
need to better understand the processes and pathways of N2O in terrestrial ecosystems. This 
study aimed at quantifying N2O emissions from soils in northern Europe and at 
investigating the processes and pathways of N2O from agricultural and forest ecosystems. 
Emissions were measured in forest ecosystems, agricultural soils and a landfill, using the 
soil gradient, chamber and eddy covariance methods. Processes responsible for N2O 
production, and the pathways of N2O from the soil to the atmosphere, were studied in the 
laboratory and in the field. These ecosystems were chosen for their potential importance to 
the national and global budget of N2O.  
Laboratory experiments with boreal agricultural soils revealed that N2O production 
increases drastically with soil moisture content, and that the contribution of the nitrification 
and denitrification processes to N2O emissions depends on soil type. Laboratory study with 
beech (Fagus sylvatica) seedlings demonstrated that trees can serve as conduits for N2O 
from the soil to the atmosphere. If this mechanism is important in forest ecosystems, the 
current emission estimates from forest soils may underestimate the total N2O emissions 
from forest ecosystems. Further field and laboratory studies are needed to evaluate the 
importance of this mechanism in forest ecosystems. The emissions of N2O from northern 
forest ecosystems and a municipal landfill were highly variable in time and space. The 
emissions of N2O from boreal upland forest soil were among the smallest reported in the 
world. Despite the low emission rates, the soil gradient method revealed a clear seasonal 
variation in N2O production. The organic topsoil was responsible for most of the N2O 
production and consumption in this forest soil. Emissions from the municipal landfill were 
one to two orders of magnitude higher than those from agricultural soils, which are the 
most important source of N2O to the atmosphere. Due to their small areal coverage, 
landfills only contribute minimally to national N2O emissions in Finland. The eddy 
covariance technique was demonstrated to be useful for measuring ecosystem-scale 
emissions of N2O in forest and landfill ecosystems. Overall, more measurements and 
integration between different measurement techniques are needed to capture the large 
variability in N2O emissions from natural and managed northern ecosystems.  
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1 SUMMARY OF PAPERS 
 
 
I In this paper we studied the N2O production in agricultural peat, clay and loamy sand soils 
in laboratory conditions. The aim was to test whether the soils differ in N2O production 
under different soil moisture conditions, and whether the contribution of nitrification to the 
total N2O production differs from soil to soil. N2O production was small in all the soils at 
dry to intermediate soil moistures (40 and 60% water-filled pore space, wfps). At 80% wfps 
the N2O production increased in loamy sand soil, whereas the N2O production in peat and 
clay soils remained low. At water saturation (100% wfps) N2O production increased 
drastically in all the soils. Nitrification was the dominant N2O-producing process in all dry 
to moist soils. In wet soils, nitrification dominated in sandy loam soil, while denitrification 
dominated in peat soil. 
II In this paper we report N2O and carbon dioxide (CO2) fluxes in a Scots pine-
dominated boreal forest soil measured by soil gradient and chamber methods. We also 
report seasonal variation in soil N2O concentrations at different soil depths. The N2O fluxes 
obtained by these two techniques varied from a small emission to a small uptake. The 
uppermost soil layer (O-horizon) was responsible for most of the N2O production and 
consumption. The soil gradient and the chamber methods agreed well in the case of CO2 
fluxes, whereas with N2O fluxes there was more variation between the two methods.   
III The aim of this study was to test whether trees can transport N2O from the soil to the 
atmosphere and hence contribute to the N2O emissions from forest ecosystems. We used 
the foliage chamber method to measure N2O emissions from the leaves of potted beech 
(Fagus sylvatica) seedlings. We measured the emissions after fertilizing the soil of the 
seedlings with 15N-labelled ammonium nitrate (15NH415NO3), and after exposing the roots 
to elevated concentrations of N2O. In both experiments N2O or N2O + 15N2O produced in 
the soil was emitted from beech leaves into the atmosphere. Our experiments demonstrate 
the existence of a previously-overlooked pathway of N2O emission in forest ecosystems, 
and stress the need for further investigations. 
IV In this study we compared the eddy covariance (EC) and chamber methods to study 
N2O emissions from a beech (Fagus sylvatica L.) forest in Denmark. The EC measurements 
were conducted below the forest canopy in the trunk-space and the emissions were 
compared with soil surface chamber measurements. The emissions of N2O were small and 
close to the detection limit of the EC system. Partly as a consequence of this, the short-term 
temporal variability in N2O fluxes measured by EC was high. The variability in the 
chamber measurements was much smaller and dominated by small-scale spatial variability. 
The highest emissions measured by the EC method occurred during the first week of May 
when the trees were leafing and the soil moisture content was at its highest. We 
demonstrate that the EC technique in the trunk-space is a promising tool to measure soil 
emissions of N2O in forest ecosystems.  
V In this paper we report the first measurements of N2O emissions from a landfill by the 
eddy covariance (EC) method. The measurements were conducted during ten days at the 
municipal landfill of the Helsinki Metropolitan Area. In addition to the EC measurements, 
several chambers were used to study the spatial variability of the N2O emissions, as well as 
to provide a comparison with the EC measurements. N2O emissions in the landfill were 
highly variable and depended on the source area influencing the measurement. Overall, the 
emissions were about an order of magnitude higher than the highest emissions reported 




highest emissions reported from boreal forest soils. Due to the small area of landfills as 
compared to other land-use classes, the total N2O emissions from landfills are of minor 







Concern about the global climate change has increased the need for scientific knowledge on 
emissions of greenhouse gases from natural and managed ecosystems. Evidence is clear 
that the global climate is changing, and that human activities are greatly altering the 
atmospheric composition. The atmospheric concentrations of the main greenhouse gases 
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) have increased markedly 
since the pre-industrial period. In 2005 the N2O concentration in the atmosphere was 
approximately 319 ppb as compared to that of about 270 ppb during the pre-industrial 
period (IPCC 2007). Nitrous oxide has an atmospheric life-time of approximately 114 
years, and its global warming potential with a 100-year period is 300 times stronger than 
that of CO2 (IPCC 2001). Currently, N2O is estimated to account for approximately 6% of 
the anticipated global warming (IPCC 2007).  
Due to its long atmospheric life-time, part of the N2O in the troposphere escapes into the 
stratosphere, where it takes part in ozone destructive reactions. Microbial activity in soils is 
the main source of N2O to the atmosphere. In the IPCC 2001 report agricultural soils were 
estimated to be the main anthropogenic sources (4.2 Tg N yr-1), while soils in tropical 
climate (3.0 Tg N yr-1) and the oceans (3.0 Tg N yr-1) were the main natural sources of N2O 
(IPCC 2001, Mosier et al. 1998, Kroeze et al. 1999). The total emissions from natural 
sources (9.6 Tg N yr-1) slightly exceeded the total emissions from anthropogenic sources 
(8.1 Tg N yr-1) (IPCC 2001). Although N2O emissions from terrestrial ecosystems have 
been relatively much studied during the last two decades, the uncertainties in the emission 
estimates are very large. Also, as the carbon (C) and nitrogen (N) cycles in ecosystems are 
strongly coupled, any change in the N cycling affects the C cycling, and hence indirectly 
adds uncertainties in the balances of other greenhouse gases. 
The first studies on losses of N2O from soils were already conducted in the 1950’s. 
Arnold (1954) measured the evolution of N2O from a wide range of soils under different 
moisture conditions. At that time he already suggested that N2O was produced in dry soil 
via microbial oxidation of ammonium and in wet soils via microbial reduction of nitrate 
(Arnold 1954). Later, in the 1970’s, atmospheric scientists found that N2O released into the 
atmosphere through denitrification in soils and waters participated in the destruction of 
stratospheric ozone (Crutzen 1972, 1974). When in the 1980’s N2O was also found to act as 
a greenhouse gas, and hence contribute to the global climate change, extensive research 
activities were directed to identify and quantify the sources of N2O to the atmosphere. 
Very little data are available on N2O emissions from northern ecosystems, especially 
from the boreal zone. The number of publications related to N2O emissions from the boreal 
region is about one-third of the number of publications related to N2O emissions from 
either temperate or tropical regions (www.isiknowledge.com). Climate in the boreal region 
is characterized by a long snow-covered winter and a warm summer. Variation in 
temperature and precipitation between the seasons and between years is large. Hence, the 
emission estimates or knowledge on N2O-forming processes from warmer climatic regions 
cannot be directly applied to northern ecosystems.  
The aim of this study was to analyze and quantify N2O emission rates in selected 
northern terrestrial ecosystems, and to increase our understanding on the N2O forming 
processes in these ecosystems. Particularly, the aim was to obtain information on N2O 
emissions from ecosystems that have previously been very little studied and on mechanisms 





• To assess the importance of the major N2O forming processes to the N2O emissions 
from boreal agricultural soils 
• To quantify the N2O emissions from boreal upland forest ecosystems and to examine 
the roles of different soil layers in the production or consumption  of N2O  
• To examine whether trees can serve as conduits for N2O from the soil to the 
atmosphere 
• To quantify the N2O emissions from municipal landfills, and to assess their 
contribution to the greenhouse gas budget of the landfills, and to the national N2O 
budget  
• To compare, test and develop flux measurement methods in order to obtain more 







3.1 The terrestrial nitrogen cycle 
 
In terrestrial ecosystems the majority of the nitrogen is bound to soil organic matter, 
vegetation and living organisms in the soil. Nitrogen is an essential nutrient and a 
constituent of amino acids and proteins in living organisms. Biological nitrogen fixation 
and atmospheric nitrogen deposition are the only natural process by which nitrogen can be 
brought into ecosystems. Many bacteria and algae, especially the symbiotic bacteria of the 
genus Rhizobium, are able to fix molecular nitrogen (N2) from the atmosphere. Besides 
nitrogen fixation, decomposition of soil organic matter is a major source of mineral 
nitrogen to the plants and micro-organisms. The escape of nitrogen from the soil occurs via 
leaching of nitrate (NO3-) to waterways, or through gaseous losses as nitrogen oxides or 
molecular nitrogen (N2) into the atmosphere. Even though gaseous losses of nitrogen into 
the atmosphere form only a minor part of the nitrogen cycling within the biosphere, these 
gaseous losses in the form of N2O and NO are important to global climate change and to the 
photochemistry of the lower troposphere.  
Nitrogen is generally a limiting resource in many terrestrial ecosystems, and hence any 
addition of nitrogen increases the growth of plants in these ecosystems. Agricultural 
ecosystems are extremes of high biomass productivity, requiring a high nitrogen input in 
the form of fertilizers. Natural ecosystems receive nitrogen only from the atmosphere and 
hence nitrogen is the limiting factor in the growth of plants.  
The use of synthetic nitrogen fertilizers, and the emission of nitrogen oxides due to 
combustion processes have both altered the natural nitrogen cycling on the Earth. Nitrogen 
is mainly deposited as ammonium (NH4+) and nitrate (NO3-), that are substrates for N2O-
forming processes. Since pre-industrial times, the deposition of atmospheric nitrogen onto 
the forests of the Northern Hemisphere has increased from approximately 1 kg N to 5 kg N 
ha-1 yr-1 (Holland et al. 1999). Currently, the nitrogen deposition in many ecosystems in 
Central Europe exceeds the critical load of 10-20 kg N ha-1 yr-1 (Matson et al. 2002, 
Holland et al. 2005). Nitrate leaching and increased nitrogen oxide emissions from the soil 
are symptoms of the excess nitrogen in such ecosystems (Butterbach-Bahl et al. 2002, 
Matson et al. 2002, Holland et al. 2005). Due to the short atmospheric lifetime and hence 
limited long-range transport of most nitrogen-containing pollutants, the boreal forest region 
of Scandinavia receives markedly less nitrogen from the atmosphere than the more 
industrialized regions of Central Europe. It is uncertain whether or not the nitrogen 
deposition onto the boreal region will increase in the future; however, in a scenario with 




3.2 Nitrous oxide emissions from northern terrestrial ecosystems 
 
During recent years, information regarding N2O emissions from northern ecosystems has 
markedly increased. Emissions of N2O from soils in the boreal region vary from 0 to 25 kg 
N2O-N ha-1 yr-1 (Martikainen et al. 1993, Nykänen et al. 1995, Kasimir-Klemedtsson et al. 




ecosystems studied are agricultural soils, and forested and natural peatlands. The highest 
N2O emissions have been measured from agricultural peat soils (Kasimir-Klemedtsson et 
al. 1997, Regina et al. 2004) and afforested peat soils with former agricultural history 
(Maljanen et al. 2001, Mäkiranta et al. 2007). Due to the large nitrogen storage in the peat, 
N2O emissions from afforested peatlands remain high even several decades after the 
forestation (Maljanen et al. 2001, Mäkiranta et al. 2007). The emissions from forested 
peatlands range from close to zero to several kilograms of nitrogen per hectare per year, 
and seem to depend on the nutrient status of the original peat (Martikainen et al. 1993, 
Nykänen et al. 1995, Regina et al. 1998, Alm et al. 1999, Klemedtsson et al. 2005). Due to 
their large areal coverage, forested peatlands are important sources of N2O in Finland.  
The smallest N2O emissions in Finland have been measured in natural peatlands 
(Martikainen et al. 1993, Regina et al. 1999). Similarly to the drained forested peatlands, 
the emissions of N2O from natural peatlands depend on the nutrient status of the peat. In 
natural peatlands, low N2O emissions are often related to negligible amounts of nitrogen in 
the peat, and also to waterlogged conditions, in which the end-product of denitrification, if 
it takes place, is molecular nitrogen (N2).  
Scattered emission measurements or laboratory studies of N2O production in northern 
upland forest soils indicate that these ecosystems are also very small sources of N2O 
(Schiller and Hastie 1996, Paavolainen and Smolander 1998, Brumme et al. 2005). The 
studies on mineral upland forest soils, however, have been short and concentrated on 
investigating the effects of different forest management practices (Martikainen et al. 1993, 
Paavolainen et al. 2000, Maljanen et al. 2006). Very little data is available on the seasonal 
variation of N2O emissions, for instance. 
In northern soils, the production of N2O does not cease during snow-covered winters. 
High N2O emission peaks have been measured from agricultural soils in winter during 
freezing and thawing of the soil (Regina et al. 2004, Syväsalo et al. 2004, Koponen and 
Martikainen 2004, Koponen et al. 2004, Koponen et al. 2006). Winter-time N2O emissions 
are estimated to make up 50 to 60% of the annual emissions from agricultural soils in 
Finland (Regina et al. 2004, Syväsalo et al. 2004).  
 
 
3.3 Production and consumption of N2O in terrestrial ecosystems  
 
In the soil, N2O can be formed in several coexisting processes that are regulated by the 
amount of different forms of nitrogen in the soil and the oxygen concentration (see Figs 1-
2). The nitrification and denitrification processes dominate the N2O production in soils and 
waters; however, N2O can also be formed in the soil chemically via chemodenitrification. 
To help the reader to follow the discussion on the results and to show the complexity of 
N2O formation, the major processes producing or consuming N2O in terrestrial ecosystems, 
together with the factors regulating N2O production, are explained in more detail below.  
 
3.3.1 Autotrophic and heterotrophic nitrification 
 
Nitrification is the oxidation of ammonium (NH4+) or ammonia (NH3) (autotrophic 
nitrification), or organic N compounds (heterotrophic nitrification) to nitrite (NO2-) or 
nitrate (NO3-) (Groffman 1991, Bremner 1997, Wrage et al. 2001) (see Fig 1a). Bacteria of 
the genus Nitrosomonas carry out the oxidation of NH4+ to NO2- and those of the genus 




NO3- is catalyzed by several enzymes (see Fig 1a). The oxidation of NH4+ to 
hydroxylamine (NH2OH) is catalyzed by ammonia mono-oxygenase, the oxidation of 
NH2OH to NO2- by hydroxylamine oxidoreductase, and the oxidation of NO2- to NO3- by 
nitrite oxidoreductase (McCarty 1999, Wrage et al. 2001). The availability of oxygen is 
essential, since each step of the oxidation reaction requires O2. N2O can be formed through 
the chemical decomposition of NH2OH or NO2- (Wrage et al. 2001) or during the reduction 
of NO2- under anaerobic or microaerophilic conditions (Poth and Focht 1985).  
Chemoautotrophic nitrifying bacteria gain energy from the oxidation of reduced nitrogen 
compounds to fix CO2 to organic carbon (Simek 2000). Heterotrophic nitrification is 
identical to autotrophic nitrification with respect to the intermediates and products; 
however, instead of deriving energy from the oxidation process, heterotrophic nitrifiers use 
organic compounds as a source of carbon and energy. Also, the ammonium mono-
oxygenase and the hydroxylamine oxidoreductase enzymes differ slightly between 
heterotrophs and autotrophs (Wrage et al. 2001), making it possible to identify the 
contribution of autotrophic and heterotrophic process to the nitrification.  
Autotrophic nitrifying organisms are largely responsible for the nitrification in most 
soils. Heterotrophic nitrification may contribute significantly to nitrification in soil 
environments that contain more fungi than bacteria, such as acidic forest soils. This is 
because heterotrophic nitrification is considered to be more common among fungi than 




Denitrification is defined as the respiratory bacterial reduction of nitrate (NO3-) or nitrite 
(NO2-) to nitrogen oxides or molecular nitrogen (Knowles 1982, Bremner 1997, Einsle and 
Kroneck 2004) (see Fig 1b). N2O is an obligatory intermediate of the reduction process 
catalyzed by the enzymes nitrate reductase, nitrite reductase, nitric oxide reductase and 
nitrous oxide reductase (Einsle and Kroneck 2004) (see Fig 1b). Denitrifying micro-
organisms are often facultative aerobic bacteria that are able to reduce nitrogen oxides 
when O2 becomes limiting. Denitrifying micro-organisms derive energy mostly from 
organic substrates, and hence denitrification is mostly limited by the amount of readily-
decomposable organic substrates in the soil.  
 




Nitrifier denitrification is a pathway of nitrification followed by a reduction process that 
resembles denitrification (Wrage et al. 2001). The sequence of oxidation of NH3 to NO2- 
and the reduction of NO2- to N2O is carried out by autotrophic NH3-oxidizers (Wrage et al. 
2001). As the oxidation and reduction processes are considered to be essentially the same as 
in nitrification and denitrification, without the formation of NO3-, the enzymes that catalyze 
these steps are thought to be the same as for NH4+ oxidation and denitrification (Wrage et 





Figure 1. Autotrophic nitrification (a) and denitrification (b) pathways and enzymes involved 
in the processes (after Simojoki et al. 2007). Boxes denote concentrations of different 
nitrogen compounds in the soil, double circles represent biological or chemical processes, 
solid arrows show the flow of different forms of nitrogen in the soil and dashed arrows show 
the environmental factors (open circle) or enzymes (diamond) regulating the biological 





Small amounts of N2O can be formed in the chemical decomposition of NO2- or other 
intermediates from the oxidation of NH4+ to NO2-. This process usually takes place at low 
pH, and the major product is NO, although some N2O may also be produced (van Cleemput 
and Baert 1984, Bremner 1997).  
 
Ammonia-oxidation by planctomycetes and Crenarchaeota 
 
Recent findings on the ability of the microbial communities of planctomycetes and 
Crenarchaeota to oxidize ammonium reveal that the microbial nitrogen cycling in terrestrial 
ecosystems may be much more diverse than previously considered. The group of 
planctomycete-like bacteria oxidize ammonia with nitrite in strictly anoxic conditions in a 
process called anaerobic ammonium oxidation (anammox) (Strous and Jetten 2004, den 
Camp et al. 2006). The anammox bacteria are found in many marine and freshwater 
ecosystems; however, their contribution to ammonium oxidation in terrestrial ecosystems 
remains largely unknown. By contrast, crenarchaeota seem to be globally distributed and 
abundant in all major environments, including forest, agricultural, grassland and alpine 




Graeme and Schleper (2006) that the marine and terrestrial Crenarchaeota are major 
contributors to the biogeochemical transformations of nitrogen still remains to be 
elucidated.  
 
3.3.4 Formation of N2O in plant leaves 
 
Nitrous oxide can be formed inside plant leaves during nitrate (NO3-) assimilation 
(Goshima et al. 1999, Smart and Bloom 2001). This non-respiratory non-bacterial reaction 
resembles microbial denitrification: N2O is formed from NO3- and NO2- in a reaction 
catalyzed by nitrate reductase (NR) and nitrite reductase (NiR) enzymes (Dean and Harper 
1986, Goshima et al. 1999, Smart and Bloom 2001). The capability of plants to convert 
NO3- or NO2- to N2O seems common among different plant species, but the rate of N2O 
formation is highly variable (Dean and Harper 1986, Goshima et al. 1999, Smart and 
Bloom 2001, Hakata et al. 2003). Hakata et al. (2003) estimated that the production of N2O 
in plant leaves could account for up to 6% of the total N2O emissions from agricultural 
plant-soil systems. 
 
3.3.5 Coupling of the N2O forming processes  
 
Nitrification and denitrification in soils are often strongly coupled, and occur 
simultaneously in soils where the conditions favour both nitrification and denitrification. 
Nitrification in the aerobic microsites provides the substrates, NO2- and NO3-, for the 
denitrification that takes place in the anaerobic microsites. In a wet soil, the soil pore space 
is filled with water, and the diffusion of oxygen and other gases into the soil is slow. In 
locations of high microbial activity, oxygen may be readily used up and the conditions may 
change from aerobic to anaerobic.  
Heterotrophic nitrifiers are able to denitrify under aerobic conditions where N2O is 
produced as an intermediate in the reduction of NO2- to N2 (Robertson and Kuenen 1991). 
This aerobic denitrification occurs when an organic substrate, oxygen and NO3- or NO2- are 
available (Robertson and Kuenen 1991). The quantification of the magnitude of this process 
is difficult, since the same heterotrophic nitrifiers are also able to nitrify in the presence of 
organic substrates. For this reason, aerobic denitrification and heterotrophic nitrification are 
often considered together.  
Factors regulating autotrophic nitrification are the availability of carbon dioxide, 
oxygen and NH4+ -ions (Simek 2000). Carbon dioxide is very often present in soils, due to 
microbial and root respiration, whereas the concentration of molecular oxygen varies 
depending on the respiration activity and on soil aeration, which is affected by the balance 
between soil air filled porosity and soil moisture (Simek 2000, Simojoki 2001). In well-
aerated soils, the availability of NH4+ is the limiting factor in autotrophic nitrification. In 
contrast to environments with an excess of nitrogen, environments a with very small soil 
nitrogen content often have low nitrification activity and as a consequence low N2O 
emissions (Martikainen 1985, Priha et al. 1999, Priha and Smolander 1999). Factors 
regulating the rate of denitrification and the end-product formed in denitrification are the O2 
concentration, the availability of readily-decomposable organic matter, and the amount of 
NO3- and NO2- (Knowles 1982). The proportion of N2O in the end product is higher if the 
soil pH is low, as the N2O reductase is inhibited at low pH (Knowles 1982). In general, an 




or animal manures increase N2O emissions from soils (e.g. Davidson 1991, 1993, Kaiser et 
al. 1998, Baggs et al. 2003, Schindlbacher et al. 2004). 
 
 
3.4 Transport of N2O from the soil into the atmosphere 
 
3.4.1 Concentration-gradient-driven gas transfer 
 
Molecular diffusion is the most important gas transport mechanism in the soil. Its 
effectiveness depends on the total porosity, the pore-size distribution and the amount and 
continuity of air-filled pores in the soil (e.g. Glinski and Stepniewski 1985, Simojoki 2001, 
Stepniewski et al. 2005). As the rate of diffusion in air for a given concentration gradient is 
10 000 -fold compared with that in water, the amount of water strongly determines the rate 
of gaseous diffusion within the soil. Hence, if the transport characteristics and 
concentrations of gas in the soil, as well as soil moisture content, are known, the emission 
of gases from the soil to the atmosphere can be calculated. This approach was used in 
paper II to determine N2O and CO2 fluxes in a boreal Podzol forest soil. 
Figure 2 gives a schematic presentation of the production, consumption and transport of 
N2O in a Podzol soil profile. The soil horizons are typical for a boreal forest with a thin 
organic O-horizon and subsequent eluvial (A-) and illuvial (B-) horizons and parent 
material (C-horizon). Note that the soil-layer depths in Figure 2 do not represent the natural 
layer depths in a forest soil. In the soil, N2O is microbially produced or consumed in the 
nitrification and denitrification processes. The production or consumption depends on the 
activity of soil microbes, which in turn depends on the availability of the substrates, NH4+ 
and NO3- ions, and organic carbon for the microbial processes. Soil temperature in general 
regulates the activity of soil microbes, while soil moisture regulates the aeration and gas 
diffusion in the soil. The transport of N2O between the soil layers is driven by the 
concentration gradient. The physical structure of the soil and the proportion of air-filled 
pore space strongly influence the gas transport within the soil.  
 
3.4.2 Plant-mediated gas transfer  
 
Molecular diffusion is the main mechanism of gas transfer within plants (Armstrong, 1979). 
Plant species with an aerenchymatous structure are able to conduct gases from the root zone 
to the atmosphere (Rusch and Rennenberg 1998, Stephen et al. 1998). This phenomenon is 
well-documented for methane (CH4) emissions from wetlands and rice paddies (Bubier 
1995, Waddington et al. 1996, Stephen et al. 1998, Wassmann and Aulakh 2000, Strom et 
al. 2005). Plants can also serve as a conduit for dissolved gases from the root zone to the 
atmosphere (Chang et al. 1998, Yan et al. 2000, Paper III). Nitrous oxide as a water-
soluble molecule can hence theoretically be taken up by the plant roots and transported to 
the leaves via the transpiration stream (Chang et al. 1998, Yan et al. 2000, Chen et al. 
2002). This mechanism and its prevalence has, however, been very little studied, and 










Figure 2. Production and transport of N2O in the soil profile of a Podzol forest soil. Boxes 
denote the concentration of the various nitrogen compounds (N2O, N2, NH4+, NO3-) in 
different layers of the soil, bold arrows illustrate the transport of N2O between the soil layers, 
thin arrows the flow of nitrogen (NH4+, NO3- or N2O) in the soil and the dashed arrows the 
factors influencing the transport of N2O between the soil layers. 
Turbulent gas transfer  
 
The part of the troposphere that is close to the Earth’s surface is called the atmospheric 
boundary layer (ABL) (Stull 1988). As the ABL is directly influenced by the Earth’s 
surface, the friction and heating of the surface induces vertical mixing of the air. This 




transport is the most important vertical transport mechanism for trace gases, heat, water 
vapour and aerosol particles in the ABL (Stull 1988, Dabberdt et al. 1993).  
Depending on the atmospheric stability, the height of the atmospheric boundary layer 
varies from tens of metres to several kilometres (Stull 1988, Dabberdt et al. 1993). During 
daytime, when the sun heats the surface, the ABL is at its deepest and is unstable and 
vigorously mixed. During night-time the surface cools down and the ABL becomes stable. 
This reduces turbulent mixing and the height of the ABL.  
The region above the ABL is the free troposphere, where the effect of the earth’s 
surface is not as evident. The lower part of the ABL is called the surface layer (SL) or the 
constant flux layer, which has a height of approximately 10% of the ABL height. In the SL 
the fluxes measured at an arbitrary height are equal to those at the surface (Dabberdt et al. 
1993). Micrometeorological measurement techniques provide methods to analyze the 




4 MATERIALS AND METHODS 
 
 
This study is based on the measurements of N2O emissions and of the factors regulating the 
emissions in different terrestrial ecosystems. The processes and pathways of N2O from the 
soil to the atmosphere were studied in controlled laboratory conditions. In the field, N2O 
emissions were measured in agricultural and forest ecosystems, as well as in a landfill, with 
several measurement techniques that differ from each other in their temporal or spatial 
scales (see Fig 1). The variables studied and the methods used in the different articles of 
this thesis are summarized in Table 1. 
 
 
4.1 Measurement sites 
 
Field measurements and soil samples for the laboratory experiments described in paper I 
were collected from three agricultural fields in Jokioinen, Southern Finland (60°49N, 
23°30E) (see Fig 3). The experimental fields were established in 1999 on loamy sand, clay 
and peat soils, representing typical cultivated soils in Finland. The experiment was 
established to study greenhouse gas emissions from boreal agricultural soils during 1999-
2002. The results of the field experiments regarding N2O and CH4 exchange have been 
published in Syväsalo et al. (2004) and Regina et al. (2004) and those of CO2 exchange in 
Lohila et al. (2003).  
 
Figure 3. Location of the measurement sites Jokioinen (paper I), Smear 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The measurements for paper II were conducted during 2002-2003 in Southern Finland 
at SM Forest Ecosystem-Atmosphere Relations) 
measu ent station in a 40-year-old Scots pine (Pinus sylvestris L.) forest (61° 51'N, 24° 
17'  and Kulmala 2005) (see Figure 3). The site is located at Hyytiälä on a hill at 
18  Podzol on glacial till (FAO-Unesco, 1990). 
Details of the ents are . 
The field measurements described in paper IV were conducted in Denmark at Lille 
Bøges st) near Sorø island of Zealand (55°29’N, 11°39’E) (see 
Figure 3). The measurements were conducted between 2 May and 5 June 2003. The forest 
is located in  te  a mprise are kilometres of mainly 82-year-old 
beech (Fagu lva . Acc to the American Soil Taxonomy system, the 
soil at the sit eit oll  a 10-40 cm deep organic layer. More details 
of th rø fi sit . (2003) and in paper IV.  
T d eriment in paper III were collected from the 
sam le B sk edlings were potted and stored outside for 3 
years until th bo
The field su  from a municipal landfill, described in paper 
V, were con ed ocated in Southern Finland, 20 km northwest 
of the city of Helsinki (60°13’N, 24°36’E) (see Figure 3). The measurements were 
conducted during a 10-day period in August 2003. The landfill is operated by the Helsinki 
Metropolitan Area ncil (YT ://www.ytv.fi/) and receives all the municipal waste 
from five municipa ith lation of around one million.  
 
 




Paper  pre ent to study the contribution of nitrification 
and denitrifi icultural peat, clay and sandy soils. The soil 
samples wer ontents: 40, 60, 80 and 100% of water filled 
pore space ( cubated for five days in glass jars at room 
temperature. a day from the headspace of the jars and 
analyzed for On the second day of incubation, acetylene 
(0.01%) was e nitrification activity in the soils and to 
investigat o the total N2O production. The daily N2O 
production rates and the contribution of nitrification to the total N2O production were 
estimated as explained in paper I. 
 
4.2.2 Pl oliage en ur
 
In p h h s sylvatica L.) trees can act as conduits of 
N2O h e conducted a laboratory experiment to test 
whether b rom the soil solution to the atmosphere. We 
conducted e first experiment, the soil with the potted 
lings onium-nitrate-glucose solution. The seedlings 
were incu  N2O + 15N2O from the foliage was measured 
during two subsequent days. 
EAR II (Station for Measuring 
rem
HariE) (
0 meters a.s.l.; the soil at the site is Haplic
 measurem given in paper II
























































































































































































































































In the second experiment, the soil around the beech seedlings was washed and the roots 
were inserted into a gas-tight pot with water and 1800 ppmv of N2O in the headspace 
(Formánek and Ambus 2004, Paper III). To dissolve N2O into the water the chamber was 
shaken carefully and allowed to equilibrate over night. The emission of N2O from the 
foliage of the seedling was measured during the following days. 
Leaf N2O emissions were measured using a chamber enclosing only the foliage of a 
bee
4.2.
eaf N2O emissions in a forest, we analyzed the N2O 
con
. The concentration 
of 2O inside the vials was analyzed with a gas chromatograph, while the concentration of 
N2 nside the beech leaves was estimated. The concentration calculations are explained in 
 
techniques 
etail in paper II. The concept of the model is shown in 
igure 2. 
4.3.  Enclosure method 
n the dynamic chamber method, used for CO2 in paper II, the 
ch seedling. Air and beech leaf temperatures, relative humidity, photosynthetically 
active radiation and chamber air CO2 concentration were monitored during the 
measurement. Pure CO2 was injected to keep its concentration between 300 and 400 ppmv. 
Syringe gas samples were taken from the chamber air and analyzed for N2O by a gas 
chromatograph equipped with an EC-detector and for 15N2O by a Finnigan MAT PreCon 
trace gas concentration unit combined with stable isotope ratio mass spectrometry. 
 
3 Leaf N2O concentration measurements 
 
In order to estimate the possibility of l
centrations in the leaves of the laboratory seedlings and of beech trees in the Lille 
Bøgeskov forest (paper III). Leaves from the forest were sampled from tree branches at 
heights of 2 and 16 metres in the canopy. Fresh leaves were cut and inserted into glass 
vials, with a known leaf area per vial. The vials were flushed with nitrogen gas (N2) to 
remove N2O from the headspace. The vials were then equilibrated in the dark for several 
days to allow N2O to diffuse from inside the leaf into the vial gas space
N
O i
detail in paper III. 
 
4.3 Field measurement  
 
4.3.1 Soil-gradient method 
 
In the soil-gradient method the concentrations of N2O and CO2 were monitored at different 
soil depths (paper II). The gas collectors, installed in the various soil layers, were sampled 
for soil air every fortnight or month and analyzed for N2O and CO2 by gas chromatography. 
The soil gradient method relies on a knowledge of soil structure, total porosity and soil 
water content, which are used as parameters in the flux calculation. The fluxes between the 
different soil layers were calculated using the model described in Pumpanen et al. (2003). 





The enclosure technique was used in all the papers in this thesis. In this technique the soil 
or plant is covered with a box (chamber) with known dimensions and volume. The 
concentration of the target gas is monitored inside the chamber during the enclosure period. 
In the static chamber method, used in papers I-V, gas samples are taken at time intervals 
from the chamber air and the gas flux is calculated from the change in gas concentration 






em sions from the chambers before and after treatment of the soil with a nitrification 
cation inhibition, acetylene was injected into 
the headspace of closed chambers and left to affect for 18 hours. Thereafter the chamber 
1 s) and the vertical flux of the target gas is calculated from the 
ovariance of the vertical wind velocity and the gas concentration. The flux of the gas is 
iven as an average over a specific time period, typically 30 minutes (Baldocchi 2003). 
t  measurement sites in papers IV and V, the 
measurement system consisted of a tunable diode laser trace gas analyzer (TDL, TGA-100, 
d a three-dimensional sonic anemometer (paper IV: Solent 
S-211, Applied Technologies Inc.). At both measurement 
centration of the target gas is continuously measured by drawing air from the chamber 
into an analyzer. To sustain a constant pressure inside the chamber, compensation air of a 
known gas concentration is led into the chamber. The flux is calculated from the mass 
balance of the gas concentration inside the chamber. The flux calculations for the chamber 
measurements are explained in more detail in paper II. 
The static chamber measurements at each site were conducted using the same principle, 
the only differences being in the dimensions of the chambers and the enclosure time. At 
sites with high emission rates, e.g., agricultural fields and the landfill (paper I and V) the 
enclosure times were 10-30 minutes, whereas at the forest sites the enclosure times were up 
to 90 minutes (paper II). More details on the site-specific systems are given in papers I-V.   
In paper I the chamber measurements were conducted to evaluate the contribution of 
nitrification to the N2O production in the field. This was done by measuring t
is
inhibitor, in our study, acetylene. For the nitrifi
lids were removed and the chambers vented for 24 hours, after which the emissions of N2O 
were again measured.  
 
4.3.3 Eddy covariance method 
 
We used the eddy covariance (EC) technique in papers IV and V to study the N2O fluxes 
in a forest and in a landfill. The micrometeorological EC technique relies on the 
measurement of the vertical wind velocity and the concentration of the target gas above the 




A both beech forest and landfill
Campbell Scientific Inc.) an
1012, Gill Ltd., paper V: SW
sites the gas concentration and wind speed were measured at a height of 3 metres above the 
surface. In paper IV the EC measurements were conducted in the trunk-space of the beech 




5 RESULTS AND DISCUSSION 
 
 
5.1 Emissions of N2O from natural and managed northern ecosystems 
 
Nitrous oxide emissions from all the measurement sites were characterized by high spatial 
variability (papers II, IV and V). In the field studies both this variability and the emission 
rates were highest at the municipal landfill and lowest in the boreal upland forest soil 
(papers II, IV, and V).  
The emission of N O from the boreal Podzol forest soil varied from a small uptake to a 2
small emission (paper II). The emissions over a one-year period averaged 0.35 µg N m-2 h-
1, which is of the same order of magnitude as the emissions from natural peatlands in 
Finland (Martikainen et al. 1993, Nykänen et al. 1995). Similar N2O consumption rates as 
observed during spring-time in this Scots-pine-dominated Podzol forest soil in paper II 
have been reported in some nitrogen-limited temperate and Mediterranean forest 
ecosystems (Butterbach-Bahl et al. 1998, Goossens et al. 2001, Rosenkranz et al. 2006). 
Low N2O emissions and an occasional consumption of N2O have also been reported earlier 
lands in Finland (Martikainen et al. 1993, Nykänen et al. 
h
urce of N2O in Finland, 
accounting for approximately 60% of the total N2O emissions from soils (Table 2).  
The N2O emissions from the municipal landfill in paper V are by far the highest 
emissions reported from soil ecosystems in Finland (Table 2). However, since the landfills 
cover a total of only approximately 1000 hectares of land area in Finland, their contribution 
to national N2O emissions, 2%, is very small (Table 2). Despite their small contribution to 
national N2O emissions, landfills are significant sources of other greenhouse gases, 
particularly, methane (IPCC, 2001, Laurila et al. 2005, Lohila et al. 2007). 
from undisturbed and drained peat
1995, Regina et al. 1999). 
By extrapolating the N2O emission rates from the upland forest ecosystem in t is study 
to the whole area of upland forests in Finland, they are found to comprise approximately 
4% of Finnish national N2O emissions (Table 2). This equals the contribution of afforested 
peat soils that are considered as hot-spot sources of N2O in Finland (Maljanen et al. 2003). 
Recently, Maljanen et al. (2006) reported N2O emissions ranging from 11 to 17 µg N2O-N 
m-2 h-1 from fertile spruce-dominated Podzol forest soil in southern Finland. The 
measurements in their studies were conducted in the summer and may hence be higher than 
the emissions in the winter. However, their findings indicate that boreal upland forest soils 
may be more important sources of N2O than is estimated in this study.  
Annual N2O emissions from boreal agricultural soils range from 1.2 to 25 kg N ha-1 yr-1, 
being one to two orders of magnitude lower than those from the municipal landfill in this 
study (see Table 2). N2O emissions from agricultural peat soils are usually higher than 
those from agricultural mineral soils (Regina et al. 2004, Syväsalo et al. 2004). When the 
emissions from mineral and organic agricultural soils are multiplied by their respective 



















































































































































































































































































































































































































































5.2 Factors regulating N2O production and consumption in soils  
 
Soil m  is e of the key factors regulating N O production and its transport from 
soils ( ba  e 2 p  I, n paper I we investigated the effect 
of so ture  N2O pro ion in different agricultural soils under laboratory 
condit . The greatest N2O production occurred in water-saturated soils at 100% wfps 
(Figure 3). This was in line with field studies on N2O emissions from agricultural soils 
(Dobbie et al 1999, Simojoki and Jaakkola 2000, Dobbie and Smith 2001). In the field, 
large issions have been related to deni n, whereas in our laboratory 
expe  in r g nded on soil type. Nitrification was 
the d 2O-forming process in dry soils, ereas in water-saturated conditions 
denitrification ominated N2O production in peat soil and nitrification in loamy sand soil. 
The results suggest that the response of N2O production to soil moisture varies between 
differe o and depend on soil struct  t unt and availability of organic 
carbon o n s
Ni s d oduction i land  soil, presented in paper II, was 
clearly ited by the availability of mineral nitrogen. Several studies have shown that 
nitrification activities in boreal upland forest soils are very low (Martikainen 1984, 
Martikainen 19 P ainen and Smolander 1998, Priha and Smolander 1999, Ambus et 
al. 2006). De  t the soil concentration measurements showed a clear seasonal 
variation in N ro ion in the organic topsoil of the Hyytiälä Podzol forest soil. The 
organic topsoi - zon) was responsible for most of the N2O production and 
consumption. T O- acted as a source of N2O in the autumn but as a sink of N2O in 
the spri n t ut , it seems that a litter fall stimulated N2O production in the topsoil. 
This m e ai by an increased organic matter mineralization in the litter and 
humus l r an ease of mineral nitrogen into the soil. In nitrogen-limited 
soil, the new gen may then be utilized by nitrifying and 
denitrifying ba
Since the l r N2O consumption in soils are relatively little-
studied, the en r at t onsumption of N2O are not well known. 
Currently the n c N2O is denitrification (Knowles 1982, 
Conrad 1996), n p s  that heterotrophic nitrifiers could also 
reduce N2O in aerobic conditions (Wrage et al. 2001, Rosenkranz et al. 2006). Both the low 
soil nitroge t a h  ntent in the O-horizon of the upland forest soil in 
paper f ae c e ion by denitrifiers and aerobic N2O reduction by 
hetero h i rs rage et al. 2001)
In e  N em io from a beech forest floor measured with 
the EC techniq co a i y with both soil water content and soil NH4+ 
concentration, but not with soil NO3 ncentration (see Figure 4). The soil moisture in this 
study remained moderate, b w 60% wfps throughout the measurement period. At such 
lues of soil ist co itrification and denitrification are considered to occur 
ultaneously  t th te to  production (Davidson, 1991). The correlation 
th so H4 nc ati s  the N2O production in this beech forest soil 
uires ifi ke Ambus et al. (2006) found out that 
nitrification  m y oduction in north European forest soils, 
ding this b owever, had a key role in the control 
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Figure 3. Nitrous oxide production rate in (a) peat, (b) loamy sand and (c) clay soils during 
four-day incubation in four different soil moisture conditions (40, 60, 80 and 100% water-
filled pore space, wfps). The arrow indicates the timing of the acetylene addition to the 
incubation jars. Acetylene at low concentrations inhibits autotrophic nitrification, and hence 





Figure 4. Soil mineral nitrogen content (top), N2O fluxes measured with the eddy covariance 
(EC) and chamber techniques (centre), and soil moisture (bottom) in a beech forest in 
Denmark during a five-week measurement campaign. Data from paper IV. 























































Figure 5. Nitrous oxide emissions as a function of wind direction during 8-18 August 2003 at 
the Ämmässuo landfill measured by eddy covariance (EC) and chamber techniques. The 
black circles represent half-hourly EC emissions, open circles the average emissions from 
soil chambers with 95% confidence intervals (10 chambers), while grey circles indicate EC 
N2O emissions averaged over 45° wind sectors. Redrawn from paper IV. 
Wind direction, deg





















In the beech forest floor and in the landfill (papers IV and V), where the N2O emissions 
were measured continuously with both chamber and EC methods, no diurnal variability or 
correlation of N2O emission with soil temperature was observed. This was in disagreement 
with the study of Maljanen et al. (2002), who found that N2O emissions from boreal 
agricultural and forest soils follow the variation in top-soil temperature, particularly during 
seasons with a high variation in daily soil temperatures.  
In the landfill, other factors than soil temperature and moisture regulated N2O 
production. Higher N2O emissions were measured from an area southeast than from an area 
west of the EC measurement tower (see Figure 5). This south-eastern area had a vegetation 
cover on the soil and contained older waste material than the area west from the EC tower 
(Figure 5). It can be speculated that in the older waste deposition area the soil micro-
organisms had had a longer time to adapt to the environment, and the N2O emission may 
have been the sum of different microbial processes taking place in the deep waste layers 








5.3 Contribution of trees to N2O emissions from forest ecosystems 
 
In paper III we discovered that beech (Fagus sylvatica L.) seedlings in the laboratory can 
transport N2O from the soil solution to the atmosphere via the transpiration stream. 
Fertilization of the soil of the beech seedlings with ammonium-nitrate and glucose induced 
emissions of N2O from the beech leaves. In the fertilization experiment, it was assumed that 
the soil fertilization stimulated N2O production in the soil, and that this N2O was taken up 
by the beech roots and transported to the leaves via the transpiration stream. As it was not 
possible to separate the origin of the N2O in this experiment, the shoot emission was the 
sum of transpiration-mediated N2O emissions and N2O formation in the leaves (Smart and 
Bloom 2001, Hakata et al. 2003). In another experiment, N2O was emitted from the beech 
leaves when the roots of the beech seedlings were exposed to an elevated concentration of 
N2O in the soil solution. In this exposure experiment the solution in the root compartment 
was deionized water, which is depleted of NO3-. In this way we were able to eliminate any 
possible NO3- assimilation and consequent production of N2O in the leaves. This 
experiment demonstrated that the N2O emitted from the leaves originated from the root 
compartment and hence that a mechanism exists for transpiration-mediated transport of 
N2O from the soil to the atmosphere.  
Assuming a value of 5 for the leaf area index (LAI) of a broad-leafed forest ecosystem, 
the observed leaf-based N2O emissions from the fertilization and the root chamber 
experiments correspond to area-based emissions of 5.2 and 10.0 µg N2O-N m-2 h-1, 





f ach-Bahl 1999). 
Our results from the root chamber experiment thus more likely represent only a potential 
for
geskov forest and analyzed for 
N2
ame order of magnitude as soil-derived N2O emissions from North and Central European 
orest ecosystems (Butterbach-Bahl et al. 2002, Ambus et al. 2001, Beier et al. 2001). In th
oot chamber experiment, the beech seedlings were exposed to one to three orders of
agnitude higher N2O concentrations in the root solution than those measured in natural 
orest ecosystems (Heincke and Kaupenjohann 1999, Papen and Butterb
 transpiration-mediated N2O emissions in forest ecosystems. The emission estimate from 
the 15N fertilization experiment represents the situation in an N-affected forest ecosystem, 
and hence may apply to forests exposed to high atmospheric N-deposition or fertilization 
management, such as poplar plantations.  
In order to evaluate the potential for N2O emissions from forest canopies in a forest 
ecosystem, beech leaves were collected from the Lille Bø
O concentrations inside the leaves. The leaf N2O concentrations in the forest trees were 
higher than the ambient atmospheric N2O concentration, indicating that beech leaves may 
also be sources of N2O in a forest. The leaf N2O concentrations, however, were much 
smaller than those in the leaves of the laboratory seedlings, indicating that natural N2O 
emissions are much smaller than those measured in the laboratory.  
In order to estimate N2O emissions from forest a canopy, the following exercise was 







E =  (1) 
Where Es is the N2O emission from the laboratory seedlings [µg N2O-N m-2 of leaves], 




























































Figure 6. Concentration of N2O inside beech (Fagus sylvatica L.) leaves of the laboratory 
seedlings and of tree branches collected from two heights (2 and 16 m) of the canopy in the 
Lille Bøgeskov forest. Emissions of N2O from the leaves from the forest are calculated 
assuming the same concentration to emission ratio as that of the laboratory seedlings. The 
N2O emissions from the forest canopy per land area are scaled up using leaf area indexes 
measured at 2 and 16 metres in the canopy. 
N2O concentration inside the beech leaves of the forest trees. This gives an emission 
estimate from the forest ecosystem as the N2O emission per leaf area. The N2O emissions at 
heights of 2 and 16 metres in the canopy corresponded to area-based emissions of 0.86 and 
0.14 µg N2O-N m-2 h-1, respectively (Figure 6). These N2O emission estimates from beech 
trees were much smaller than those of the laboratory seedlings, making up approximately 
10% of the measured soil-emitted N2O in this beech forest (Figure 6, Paper III). Despite 
the large uncertainties in these calculations, this exercise indicates that trees may 
significantly contribute to the N2O emissions from forest ecosystems.  
 
 
5.4 Discussion on methods for N2O emission measurement 
 
Pa
usion is the 
onl transport mechanism for the gases in the soil, the mixing of gases there is slow and the 
gases accumulate, assuming that the production of the target gas exceeds its consumption. 
Hence, the area
between different soil layers can be calculated even from very small concentration 
differences. This is particularly good for soils with very low N2O emissions such as the 
me
per II demonstrates that the soil gradient method has advantages over the chamber 
method in ecosystems with very small N2O emission rates. As molecular diff
y 
s of N2O production and N2O consumption can be localized, and the fluxes 
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Figure 7. Measured N2O concentrations and calculated N2O fluxes from the soil profiles in 
boreal pine forest soil on 3 July 2003. The concentrations (black dots) represent mean 
values from four measurement locations; the fluxes are also mean fluxes from the four 
locations. Paper II. 
In the Scots-pine-dominated upland forest soil, the chamber method was unable to 
capture the seasonal variation in the soil N2O fluxes (paper II). The soil gradient method 
instead revealed a small but clear seasonal variation in the N2O fluxes. It also showed that 
the top-most soil layer was responsible for most of the N2O production and consumption in 
the soil. In both summer and autumn the uppermost soil layer (O-horizon) acted as a source 
2O  in the O-horizon. The 
disadvantages of the soil gradient method are the laborious installation of the gas collectors 
l parameters are measured in the vicinity of the 
chambers. One disadvantage of the chamber method is that the chamber frames physically 
of N  (Figure 7), whereas in the spring N2O was consumed
and soil sensors at different soil layers and the physical disturbance to the soil during the 
installation. Hence, the installation should be done carefully and well in advance of the start 
of the measurements.  
The most common and often the most inexpensive field measurement method for N2O 
emission measurements is the static chamber method (papers I-V). The chamber method 
provides the possibility of studying the small-scale (1 cm to 1 m) spatial variation of soil 
N2O fluxes. It also makes it possible to link soil environmental parameters to N2O 




disturb the soil surface and may therefore influence the biological processes and gas 
transport (e.g. Gao and Yates 1998, Hutchinson et al. 2000, Conen and Smith 2000, 
Pumpanen et al. 2004, Livingston et al. 2005). Another problem discussed in paper IV and 
V is the number of chambers and frequency of sampling that are often insufficient to cover 
the spatial and temporal variability, respectively, in the N2O emissions. In ecosystems with 
very large N2O emissions and high spatial and temporal variability, the EC method may be 
more useful, as it integrates over soil locations having different N2O production rates. 
The static chambers used for N2O emission measurements in the field have small 
differences with respect to design and operation. Discussions on ideal chamber designs are 
based on theoretical evaluations, and no tests of the performance of different chamber 
designs in controlled conditions exist. Such a chamber comparison, recently conducted for 
CO2 flux chambers (Raich et al. 1990, Norman et al. 1997, Janssens et al. 2000, Pumpanen 
et al. 2004), would increase the reliability of the flux measurement and make it possible to 
compare fluxes measured at different sites. 
The static chamber method has limitations in forest ecosystems, as tall trees do not fit 
inside closed chambers. Hence, evaluation of the contribution of forest trees to the N2O 
emission from forest ecosystems is less straightforward to estimate than the contribution of 
plants in agricultural systems. The use of the EC method simultaneously below and above a 
forest canopy could be a potential method for estimating the contribution of trees to the 
total N2O emission from forest ecosystems.  
Papers IV and V demonstrate that the EC technique is a promising tool for studying 
N2O fluxes on the ecosystem scale. It is especially suitable for environments with high 
emission rates, and a high spatial variability in emissions, such as landfills (paper V). In 
paper IV we successfully used the EC technique in evaluating the spatial and temporal 
variability in N2O emissions from a beech forest floor. Although the N2O emissions were 





 but the variation in the fluxes measured by the EC method was much 
higher than that measured by the chambers (see Figure 4). A large part of this high variation 
res
distinguish a definite day-to-day variation in the N2O emissions, and link the N2O
emissions to soil water content and soil ammonium concentration (paper IV, Figure 4). A
comparison of the mean fluxes from the chamber and EC methods showed good agree
between the two methods. The fluxes measured by these two techniques were of the sa
order of magnitude,
ulted from instrumental random errors when measuring fluxes close to the detection 
limit. Part may have resulted from a real temporal and spatial variation in the N2O fluxes, 
or in emissions from the leaves of the forest trees not captured with the soil chambers 
(paper IV). In the landfill the variability in N2O emissions was so high that the ten 
chambers used were still insufficient to cover the spatial variability (paper IV and Figure 
5). Particularly on August 13 one of the chambers was clearly on a hot-spot location with 
an N2O emission that was an order of magnitude higher than the other chambers. The EC 
method has clear advantages over chamber methods in environments where the surface of 
the soil is so heterogeneous that the placement of soil chambers is difficult, or during 
seasons when snow-cover or freezing and thawing of the soil prohibits chamber 
measurements (Rinne et al. 2006).  
The EC method, like any other method, also has its limitations. First of all, it requires a 
large homogenous and flat source area (Baldocchi 2003). Further challenges arise when 
measuring fluxes close to the detection limit of the measurement system as the EC method 






5.5 Future considerations   
 
In this work the aim was to quantify the N2O emission rates from forest soils, and a landfill. 
Currently, the emission estimates from boreal agricultural soils are based on chamber 
measurements conducted once a week or once a month. Such a measurement frequency 
misses the possible short-term variation or pulses in N O emissions, and may lead to u2
overestimation of the emission rates. The EC method would be a good tool to study the 
temporal variation in N
nder- 
or 
land area of the whole world (Archibold 1995) 
inc
-time emissions to the annual N O budget. If 
the
2O emissions related to, for instance, freezing-thawing events or the 
application of fertilizers to agricultural soils. The use of the EC method would be 
particularly useful during periods when chamber measurements are difficult to conduct, 
such as in winter. 
The fact that boreal forests cover 59% of the land area in Finland (Finnish Statistical 
Yearbook of Forestry 2005) and 11% of the 
reases the importance of accurate estimations of N2O emissions from these ecosystems. 
The current emission measurements from boreal upland forest soils are scattered and 
mainly concentrated on summer-time periods. To my knowledge, paper II represents the 
only annual measurements so far conducted on upland boreal forest soils in Finland. 
Clearly more year-round measurements of N2O emissions from boreal forest soils are 
needed to evaluate the importance of winter 2
 winter-time N2O emissions from boreal forest soils turn out to be as important as the 
winter-time N2O emissions from agricultural soils, the annual N2O emissions cannot be 
estimated without winter-time measurement data.  
One clear uncertainty in N2O emission estimates from forest ecosystems is the 
contribution of trees to the total N2O emission. The laboratory results of the N2O transport 
from the soil to the atmosphere via the transpiration stream raises the need for further 
research both in the laboratory and in the field. Since all the current N2O emission estimates 
from forest ecosystems are based on emission measurements from the soil by chambers, the 
potential additional emission of N2O from the forest canopies should be accounted for.  
An overall aim in the future should be to lower the uncertainties in N2O emission 
estimates from different ecosystems and to obtain more information on the processes 
producing and consuming N2O in terrestrial ecosystems. Effort should be put into linking 





6 SUMMARY AND CONCLUSIONS 
ce and in time. The emission rates increased in the order of boreal Scots-
pin




 with very small N2O emissions, such as the Podzolic upland forest soil in this 
study. The chamber method, as the most common flux measurement method, gives valuable 
information on the small-scale variation in N2O emissions. However, if the chamber 
method is used to estimate emission rates on the ecosystem scale, the number and the 
placement of chambers becomes important in order to sufficiently cover the spatial 
variability in soil N2O emissions. The micrometeorological EC technique was found useful 
in studying the spatial and temporal variability in N2O emissions in a landfill and in a forest 
ecosystem. The EC technique was found particularly useful in ecosystems with high N2O 
emissions, such as landfills.  
 
 
Nitrous oxide emissions from agricultural soils, which are the main source of N2O in 
Finland, increase drastically with increasing soil water content. Most of the N2O production 
in clay, sandy and peat soils close to field capacity, originated from microbial nitrification. 
Denitrification was the dominant N2O-forming process only in wet peat soil. This 
information on the contribution of nitrification and denitrification to the total N2O 
emissions in different agricultural soils is valuable for process-based modelling of N2O 
emissions from soils with different textures.  
According to this study, the N2O emissions from northern terrestrial ecosystems vary 
greatly both in spa
e-dominated forest soil < temperate beech forest soil < boreal agricultural soils < 
municipal landfill. N2O emissions from Podzolic upland forest soils are very small, 
contributing approximately 4% of the N2O emissions from soils in Finland. Despite the 
small emissions from Podzol upland forest soil, a clear seasonal variation in N2O 
production was observed. Nitrous oxide was produced in the organic topsoil during summer 
and autumn, and consumed in the same layer in the spring. In the future, the projected 
increase in temperature and a possible increase in nitrogen deposition onto boreal forests 
may alter nitrogen cycling and consequent N2O production. The potential changes in the 
nitrogen cycling stress the importance of long-term monitoring of emissions from boreal 
ecosystems. 
In this study we found that trees can serve a
osphere. This pathway for N2O from soils to the atmosphere has previously been 
overlooked in the emission inventories. The magnitude of the tree-mediated N2O emissions 
from forest ecosystems should be investigated on larger scales. Overall, accounting for this 
phenomenon may change the N2O emission estimates from forest ecosystems. 
Nitrous oxide emissions from a municipal landfill per unit land area were found to be 
one to two orders of magnitude higher than that from agricultural soils, and up to th
ers of magnitude higher than the emissions from forest soils. However, due to their 
small areal coverage, the contribution of landfills to the total N2O emissions in Finland is 
minimal, less than 2%.  








Alm, J., Saarnio, S., Nykänen, H., Silvola, J., Martikainen, P.J. 1999. Winter CO2, CH4 and 
N2O fluxes on some natural and drained boreal peatlands. Biogeochemistry 44: 163-
186. 
Ambus, P., Jensen J.M., Priemé, A., Pilegaard, K. And Kjøller A. 2001. Assessment of CH4 
and N2O fluxes in a Danish beech (Fagus sylvatica) forest and an adjacent N-fertilised 
barley (Hordeum vulgare) field: effects of sewage sludge amendments. Nutrient 
Cycling in Agroecosystems 60: 15-21. 
–, Z
en. Biology and Fertility of Soils 35: 54–61. 
Ba
ge Biology 
.H. 1986a. Bulk density. In: Klute, A. (ed.) Methods of Soil 
–. 1997. Sources of nitrous oxide in soils. Nutrient Cycling in Agroecosystems 49: 7-16. 
Brumme, R., Verchot, L.V., Martikainen, P.J., & Potter, C.S. 2005. Contribution of trace 
gases nitrous oxide (N2O) and methane (CH4) to the atmospheric warming balance of 
forest biomes. In: Grffiths, H., & Jarvis, P. (eds.) The carbon balances of forest biomes. 
Garland Science, BIOS Scientific Publishers, Cromwell Press, Trowbridge, UK. 
echmeister-Boltenstern, S., & Butterbach-Bahl, K. 2006. Sources of nitrous oxide 
emitted from European forest soils. Biogeosciences 3: 135-145. 
Anderson, I.C., Poth, M., Homstead, J., & Burdige, D. 1993. A comparison of NO and N2O 
production by the autotrophic nitrifier Nitrosomonas europaea and the heterotrophic 
nitrifier Alcaligenes faecalis. Applied and Environmental Microbiology 59: 3525-3533. 
Archibold, O.W. 1995. Ecology of World Vegetation. Chapman and Hall, London, 1-510. 
Armstrong, W.D. 1979. Aeration in higher plants. Advances in Botanical Research. 7: 225-
332. 
Arnold P.W. 1954. Losses of nitrous oxide from soil. Journal of Soil Science 5: 116-128. 
Azam, F., Müller, C., Weiske, A., Benckiser, G. & Ottow, J.C.G. 2002. Nitrification and 
denitrification as sources of atmospheric nitrous oxide – role of oxidizable carbon and 
applied nitrog
ggs E.M., Cadisch, G., Stevenson M., Pihlatie M., Regar A. & Cook, H. 2003. Nitrous 
oxide emissions resulting from interactions between cultivation technique, residue 
quality and fertiliser application. Plant and Soil 254: 361-370. 
Baldocchi, D.D. 2003. Assessing the eddy covariance technique for evaluating carbon 
dioxide exchange rates of ecosystems: past, present and future. Global Chan
9: 479-492. doi:10.1046/j.1365-2486.2003.00629.x 
Beier, C., Rasmussen, L., Pilegaard, K., Ambus, P., Mikkelsen, T., Jensen, N.O., Kjöller, 
A., Prieme, A., Ladekarl, U.L. 2001. Fluxes of NO3-, NH4+, NO, NO2, and N2O in an 
old Danish beech forest. Water, Air and Soil Pollution: Focus 1: 187-195. 
Blake, G.R., & Hartge, K
Analysis, Part 1, Physical and Mineralogical Methods. Second Edition. American 
Society of Agronomy, Inc. Madison, Wisconsin, USA. p. 363-375.  
–, & Hartge, K.H. 1986b. Particle density. In: Klute, A. (ed.) Methods of Soil Analysis, 
Part 1, Physical and Mineralogical Methods. Second Edition. American Society of 
Agronomy, Inc. Madison, Wisconsin, USA. p. 377-382.  
Bogner, J.E., Spokas, K.A., & Burton, E.A. 1999. Temporal variations in greenhouse gas 
emissions at a midlatitude landfill. Journal of Environmental Quality, 28: 278-288. 
Bremner, J.M. 1996. Nitrogen – Total. In: Sparks, DL. (ed.) Methods of Soil Analysis, Part 





Bubier, J.L. 1995. The relationship of vegetation to methane emission and hydrochemical 
radients in northern peatlands. Journal of Ecology 83: 403-420. 
Bu rbach-Bahl, K., Gasche, R., Huber, C.H., Kreutzer, K., & Papen, H. 1998. Impact of 
  
–, G , R., Willibald, G., & Papen, H. 2002. Exchange of N-gases at the Höglwald 
den r 




g in Agroecosystems 62: 241-247. 
Co







Da ethods of Soil 
Da de from Terrestrial 
–. 1





N-input by wet deposition on N-trace gas fluxes and CH4-oxidation in spruce forest 
ecosystems of the temperate zone in Europe. Atmospheric Environment 32: 559-564.
asche
Forest – A summary. Plant and Soil 240: 117–123. 
 Camp, H.J.M.O., Kartal, B., Guven, D., van Niftrik, L.A.M.P., Haaijer, S.C.M., van de
Star, W.R.L., van de Pas-Schoonen, K.T., Cabezas, A., Ying, Z., Schmid, M.C., 
Kuypers, M.M.M., van de Vossenberg, 
Loosdrecht, M.C.M., Kuenen, J.G., Strous, M., Jetten, M.S.M. 2006. Global impact
application of the anaerobic ammonium-oxidizing (anammox) ba
Society Transactions 34: 17-178. 
ang, C., Janzen, H.H., Cho, C.M., Nakonechny, E.M. 1998. Nitrous oxide emission via 
plant transpiration. Soil Science Society of American Journal 62: 35-38. 
Chen, X., Cabrera, M.L., Zhang, L., Wu, J., Shi, Y., Yu, W.T., & Shen, S.M. 2002. Nitrous 
oxide emission from upland crops and crop-soil systems in northeastern China. Nutrient 
Cyclin
van Cleemput, O., & Baert, L. 1984. Nitrite: a key compound in N loss processes under 
acid conditions? Pland and Soil 76: 233-241. 
nen, F., & Smith, K.A. 2000. An explanation of linear increases in gas concentration 
under closed chambers used to measure gas exchange betwe
European Journal of Soil Science 51: 111-117. 
nrad, R. 1996. Soil microorganisms as controllers of atmospheric trace gases (H2, CO
CH4, OCS, N2O, and NO). Microbiological Reviews 60: 609-64
Crill, P., Hargreaves, K. & Korhola, A. 2000. The Role of Peat in Finnish Greenhouse G
Balances; Studies and Reports, 10/2000; ISBN 951-739-542-6; Ministry of Trade and 
Industry: Finland, 2000. 
Crutzen, P.J. 1972. SSTs – A threat to the earth’s ozone shield. Ambio 1: 41-51. 
974. Estimates of possible variations in total ozone due to natural causes and human 
activities. Ambio 3: 201-210. 
Dabberdt, W.F., Lenschow, D.H., Horst, T.W., Zimmerman, P.R., Oncley, S.P., & Delany,
A.C. 1993. Atmosphere-Surface Exchange Measurements. Science 260: 1472-1481
nielson, R.E., & Sutherland, P.L. 1986. Porosity. In: Klute, A. (ed.) M
Analysis, Part 1, Physical and Mineralogical Methods. Second Edition. American 
Society of Agronomy, Inc. Madison, Wisconsin, USA. p. 443-461. 
vidson, E.A. 1991. Fluxes of Nitrous Oxide and Nitric Oxi
Ecosystems. In: Rogers, J.E., Whitman, W.B. (eds.) Microbial Production and 
Consumption of Greenhouse Gases: Methane, Nitrogen Oxides, and Halomethanes. 
American Society for Microbiology, Washington, USA. p. 219-235. 
993. Soil water content and the ratio of nitrous oxide to nitric oxide emitted from soil. 
In: Oremland, R
gases. Chapman & Hall, New York, USA, p. 369-386. 
Dean, J.V. & Harper, J.E. 1986. Nitric oxide and nitrous oxide production by Soybean and 
Winged Bean during the in Vivo nitrate reductase assay. Plant Physiology 82: 718-723
bbie, K.E., McTaggart, I.P., & Smith, K.A. 1999. Nitrous oxide emissions from 




variables, and mean emission factors. Journal of Geophysical Research 104: 26891–
26899. 




Fin y 2005: 
Fo
spiration in a Danish beech (Fagus sylvatica L.) 
Ga suring gas 
Gli tion and its role for plants. CRC Press, Boca 
Go put, O. 2001. Two-year field study 
Go ., Caboche, M. & Morikawa, H. 1999. 
Gr of nitrification and denitrification in soil evaluated at scales 
robial 




He namics of N2O 
Hol d 
hemistry 46: 7-43. 
Hu
measurement of surface-atmosphere trace gas exchange: Numerical evaluation of 
2O emissions from an imperfectly drained gleysol. European Journal of Soil Scienc
52: 667–673. 
Einsle, O., & Kroneck, P.M.H. 2004. Structural basis of denitrification. Biological 
Chemistry 385: 875-883. 
FAO-Unesco, 1990. Soil map of the world: revised legend. World Soil Resources Report 
No. 60, FAO, Rome. 
nish Statistical Yearbook of Forestry 2005. SVT Agriculture, Forestry & Fisher
45. 
rmánek, P, & Ambus, P. 2004. Assessing the use of δ13C natural abundance in 
separation of root and microbial re
forest. Rapid Communications in Mass Spectrometry 18: 1-6. 
o, F., & Yates, S.R. 1998. Simulation of enclosure-based methods for mea
emissions from soil to the atmosphere. Journal of Geophysical Research 103: 26127-
26136. 
nski, J., & Stepniewski, W. 1985. Soil aera
Raton, FL. 
ossens, A., de Visscher, A., Boeckz, P. & Van Cleem
on the emission of NvO from coarse and middle-textured Belgian soils with different 
land use. Nutrient Cycling in Agroecosystems 60: 23-34. 
shima, N., Mukai, T., Suemori, M., Takahashi, M
Emission of nitrous oxide (N2O) from transgenic tobacco expressing antisense NiR 
mRNA. The Plant Journal 19: 75-80. 
Graeme, W.N., & Schleper, C. 2006. Ammonia-oxidising Crenarchaeota: important players 
in the nitrogen cycle. TRENDS in Microbiology 14: 207-212. 
offman, P. 1991. Ecology 
relevant to atmospheric chemistry. In: Rogers, J.E., Whitman, W.B. (eds.) Mic
Production and consumption of Greenhouse Gases: Methane, Nitrogen Oxides, and 
Halomethanes. American Soci
Haataja, J. & Vesala, T. (eds.) 1997. SMEAR II, Station for Measuring Forest Ecosystem - 
Atmosphere Relations. University of Helsinki, Department of Forest Ecology 
Publications 17. Aseman Kirjapaino, Orivesi. 
kata, M., Takahashi, M., Zumft, W., Sakamoto, A., & Morikawa, H. 2003. Conversi
of the nitrate nitrogen and nitrogen dioxide to nitrous oxide in plants
biotechnologica 23: 249-257. 
ri, P., & Kulmala M. 2005. Station for Measuring Ecosystem-Atmosphere Relati
(SMEAR II). Boreal Environmental Research 10: 315-322. 
incke, M, & Kaupenjohann, M. 1999. Effects of soil solution on the dy
emissions: a review. Nutrient Cycling in Agroecosystems 55: 133-157. 
land, E.A., Dentener, F.J., Braswell, B.H., & Sulzman, J.M. 1999. Contemporary an
pre-industrial global reactive nitrogen budgets. Biogeoc
–, Braswell, B.H., Sulzman, J., & Lamarque, J.-F. 2005. Nitrogen deposition onto the 
United States and Western Europe: synthesis of observations and models. Eclological 
Applications 15: 38-57. 




dependence on soil, interfacial layer, and source/sink properties. Journal of Geophysi
Researc
cal 
h 105: 8865-8875. 
ntal Panel on Climate Change. Cambridge University Press, Cambridge, 
IPC 007: The Physical Science Basis. Summary for 
e 
el on Climate Change. 21 p. 




 Management 13: 245-250. 
eter to predict nitrous oxide emissions. Global Change Biology 11: 1142-
Kn
Ko and freezing temperature 




La  M., 
e emissions from a landfill using a cost-







ural soils. Pland and Soil 231: 113-121. 
IPCC 2001. Climate Change 2001: Radiative Forcing of Climate Change (Ramaswamy et 
al. Eds). Contribution of the Working group I to the Third Assessment Report of the 
Intergovernme
UK. 944 p. 
C 2007. Climate Change 2
Policymakers. Contribution of Working Group I to the Fourth Assessment Report of th
Intergovernmental Pan
Janssens, I.A., Kowalski, A.S., Longdoz, B., & Ceulemans, R. 2000. Assessing forest soil 
CO2
Kaiser, E.-A., Kohrs, K., Kücke, M., Schnug, E., Heinemeyer, O., & Munch, J.C. 1998.
Nitrous oxide release from arable soil: importance of N-fertilization, crops and seaso
Soil Biology and Biochemistry 30: 1553-1563. 
Kasimir-Klemedtsson, A., Klemedtsson, L., Berglund, K., Martikainen, P., Silvola, J., 
Oenema, O. 1997. Greenhouse gas emissions from farmed organic soils: a review. So
Use and
Klemedtsson, L., von Arnold, K., Weslien, P., & Gundersen, P. 2005. Soil CN ratio as a 
scalar param
1147. doi: 10.1111/j.1365-2486.2005.00973.x 
owles, R. 1982. Denitrification. Microbiological Reviews 46: 43-70. 
ponen, H.T., & Martikainen, P.J. 2004. Soil water content 
affect freeze-thaw related N2O production in organic soil. Nutrient Cycling in 
Agroecosystems 69: 213-219.  
löjt, L., & Martikainen, P.J. 2004. Nit
low temperatures: a laboratory microcosm study. Soil Biology and Biochemistry 36: 
757–766. 
–, Durana, C.E., Maljanen, M., Hytönen, J., Martikainen P.J. 2006. Temperature response
of NO and N2O emissions from boreal organic soil. Soil Biology and Biochemistry 38
1779–1787. 
oeze, C., Mosier, A., & Bouwman, L. 1999. Closing the global N2O budget: A 
retrospective analysis 1500-1994. Global Biochemical Cycles 13: 1-8. 
urila,T., Tuovinen, J.-P., Lohila, A., Hatakka, J., Aurela, M., Thum, T., Pihlatie,
Rinne, J., & Vesala, T. 2005. Measuring methan
effective micrometeorological method. Geophysical Research Letters 32: L19808, 
doi:10.1029/2005GL023462. 
ingston, G.P., Hutchinson, G.L
chamber-based measurements of trace gas emissions. Geophysical Research Letters 32:
L24817, doi:10.1029/2005GL02477. 
Lohila, A., Aurela, M., Regina, K., Laurila, T. 2003. Soil and total ecosystem respiration in
agricultural fields: effect of soil and crop type. Plant and Soil 251: 303-3
–, Laurila, T., Tuovinen, J.-P., Aurela, M., Hatakka, J., Thum, T., Pihlatie, M., Rinne, J., &
Vesala, T. 2007. Micrometeorological Measurements of Methane and Carbon
Fluxes at a Municipal Landfill. Environmental Science and Technology, in press. 






e and methane in cultuvated and forested organic boreal 
–, L al 
–, J A., Strömmer, R., & Martikainen, P. 2006. Methane and nitrous oxide 
ood ash and 
Ma g, Y.-S., Freeman K. H.; Bogner, J. 
Ma
mistry 16: 577-582. 
id 
–, N 3. Effect of a lowered water table on nitrous oxide 
Ma
 31: 113-119. 
and Fertility of 
Mo O. 1998. 
trous oxide emissions through the agricultural 
Mu
3, Chemical Methods. Soil Science Society of America, Inc. Madison, 
Mä
ila, A., Martikainen P.J., Minkkinen, K. 2007. Soil greenhouse gas 
l 
ter. 
No wer, S.T., Baldocchi, D.D., Crill, P.M., Rayment, M., 
Ny ., & Martikainen, P.J. 1995. Emissions of CH4, 
ed 
78. 
artikainen, P.J., Aaltonen, H, & Silvola, J. 2002. Short-term variation in fluxes of 
carbon dioxide, nitrous oxid
soils. Soil Biology and Biochemistry 34: 577-584. 
iikanen, A., Silvola, J., & Martikainen, P.J. 2003. Nitrous oxide emissions from bore
organic soil under different land-use. Soil Biology and Biochemistry 35: 689-700. 
okinen, H., Saari, 
fluxes, and carbon dioxide production in boreal forest soil fertilized with w
nitrogen. Soil Use and Management 22: 151-157. 
ndernack, K. W., Kinney, C. A., Coleman, D., Huan
2000. The biochemical controls of N2O production and emission in landfill cover soils: 
The role of methanotrophs in the nitrogen cycle. Environmental Microbiology. 2: 298-
309. 
rtikainen, P.J. 1984. Nitrification in two coniferous forest soils after different 
fertilization treatments. Soil Biology and Bioche
–. 1985. Nitrous oxide emission associated with autotrophic ammonium oxidation in ac
coniferous forest soil. Appliend Environmental Microbiology 50: 1519-1525. 
ykänen, J., Crill, P. & Silvola, J. 199
fluxes from northern peatlands. Nature 366: 51-53. 
tson, P., Lohse, K.A., & Hall, S.J. 2002. The globalization of nitrogen deposition: 
consequences for terrestrial ecosystems. Ambio
McCarty, G.W. 1999. Modes of action of nitrification inhibitors. Biology 
Soils 29: 1-9. 
sier, A., Kroeze, C., Nevison, C., Oenema, O., Seitzinger, S., & van Cleemput, 
Closing the global N2O budget: ni
nitrogen cycle. Nutrient Cycling in Agroecosystems 52: 225-248.  
lvaney, R.L. 1996. Nitrogen – Inorganic forms. In: Sparks, DL. (ed.) Methods of Soil 
Analysis, Part 
Wisconsin, USA. p. 1123-1184. 
kiranta, P., Hytönen, J., Aro, L., Maljanen, M., Pihlatie, M., Potila, H., Shurpali, N., 
Laine, J., Loh
emissions from afforested organic soil croplands and cutaway peatlands. Borea
Environment Research, in press. 
Nelson, D.W., & Sommers, L.E. 1996. Total Carbon, Organic Carbon, and Organic Mat
In: Sparks, DL. (ed.) Methods of Soil Analysis, Part 3, Chemical Methods. Soil Science 
Society of America, Inc. Madison, Wisconsin, USA. p. 961-1010. 
rman, J.M., Kucharik, C.J., Go
Savage, K., & Striegl, R.G. 1997. A comparison of six methods for measuring soil-
surface carbon dioxide fluxes. Journal of Geophysical Research 102: 28771-28777. 
känen, H., Alm, J., Lång, K., Silvola, J
N2O and CO2 from a virgin fen and a fen drained for grassland in Finland. Journal of 
Biogeography 22: 351-357. 
Paavolainen, L., & Smolander, A. 1998. Nitrification and denitrification in soil from a 
clear-cut Norway spruce (Picea abies) stand. Soil Biology and Biochemistry 30: 775-
781. 
–, Fox, M., & Smolander, A. 2000. Nitrification and denitrification in forest soil subject




Papen, H., von Berg, R., Hinkel, I., Thoene, B., & Rennenberg, H. 1989. Heterotrophic
nitrification by Alcaligenes faecalis: NO
 
tal Microbiology 55: 2068-2072. 
Pel  
: 24–28. 





d Biochemistry 36: 
Pri der, A. 1999. Nitrogen transformations in soil under Pinus sylvestris, 
–, G vity related to C and 
l 67: 





mineralization in a boreal forested peatland treated with 
–, S
 from peat monoliths from natural and drained boreal peatlands. Global Change 
–, S rmed peat soils 
in Finland. European Journal of Soil Science 55: 591–599. 
2
-, NO3-, N2O and NO production in 
exponentially growing cultures. Applied Environmen
–, Butterbach-Bahl, K. 1999. A 3-year continuous record of nitrogen trace gas fluxes from 
untreated and limed soil of a N-saturated spruce and beech forest ecosystem in 
Germany. Journal of Geophysical Research 104: 18487-18503. 
l, M., Stenber, B., & Torstensson, L. 1998. Potential denitrification and nitrification tests
for evaluation of pesticide effects in soil. Ambio 27
Petersen, S.O., Regina, K., Pöllinger, A., Rigler, E., Valli, L., Yamulki, S., Esala, M., 
Fabbri, C., Syväsalo, E., & Vinther, F.P. 2006. Nitrous oxide emissions from organic 
and conventional crop rotations in five European countries. Agriculture, Ecosystems 
and E
Pilegaard, K., Mikkelsen, T.N., Beier, C., Jensen, N.O., Ambus, P., & Ro-Poulsen
2003. Field measurements of atmosphere-biosphere interactions in a Da
forest. Boreal Environmental Research 8: 315-333. 
th, M., & Focht, D.D. 1985. 15N kinetic analysis of N2O production by Nitrosom
europaea: an examination of nitrifier denitrification. Applied Environmental 
Microbiology 49: 1134-1141. 
Potila, H., & Sarjala, T. 2004. Seasonal fluctuation in microbial biomass and activity a
a natural nitrogen gradient in a drained peatland. Soil Biology an
1047-1055. 
ha, O., & Smolan
Picea abies and Betula pendula at two forest sites. Soil Biology and Biochemistry 31: 
965-977. 
rayston, S. J., Pennanen, T., & Smolander, A. 1999. Microbial acti
N cycling and microbial community structure in the rhizospheres of Pinus sylvestris, 
Picea abies and Betula pendula seedlings in an organic and mineral soil. FEMS 
Microbial Ecology 30: 187-199. 
Pumpanen, J., Ilvesniemi, H., & Hari, P. 2003. A process-based model for predicting soil 
carbon dioxide efflux and concentration. Soil Science Society of American Journa
402-413. 
olari, P., Ilvesniemi, H., Minkkin
T., Morero, M., Pihlatie, M., Janssens, I., Curiel Yuste, J., Grünzweig, J. M., Reth, S., 
Subke, J.-A., Savage, K., Kutsch, W., Østreng, G., Ziegler, W., Anthoni, P., Lindroth, 
A., & Hari, P. 2004. Comparison of different chamber techniques for m
CO2 efflux. Agricultural and Forest Meteorology 123: 159-176. 
ich, J.W., Bowden, R.D., & Steudler, P.A. 1990. Comparison of two static chamber 
techniques for determining carbon dioxide efflux from forest soils. Soil Science Soci
of American Journal 54: 1754-1757. 
gina, K., Nykänen, H., Maljanen, M., Silvola, J., & Martikainen, P. 1998. Emissions of
N2O and NO and net nitrogen 
different nitrogen compounds. Canadian Journal of Forest Research 28: 132-140. 
ilvola, J., Martikainen, P.J. 1999. Short-term effects of changing water table on N2O 
fluxes
Biology 5: 183-189. 




Rinne, J., Riutta, T., Pihlatie, M., Aurela, M., Haapanala, S., Tuovinen, J.-P., Tuittila, E.
& Vesala, T. 2006. Annual cycle of methane emission from a boreal fen meas




s. American Society 
Ro  Butterbach-Bahl, K. 
 pine 
Ru
e emission from the soil to the atmosphere. Plant and 
Sch nd 
ournal of Geophysical Research 
Sch hic 
il. Applied Environmental Microbiology 48: 802-806. 
 







ce 51: 413-424. 
 
Sm
Sm nd sampling times on 
e 




ands. Biogeochemistry 75: 
65-82. 
Robertson, L.A., & Kuenen, J.G. 1991. Physiology of nitrifying and denitrifying bacteria. 
In: Rogers, J.E., Whitman, W.B. (eds.) Microbial Production and Consumption o
Greenhouse Gases: Methane, Nitrogen Oxides, and Halomethane
for Microbiology, Washington, USA. p. 189-199. 
senkranz, P., Brüggemann, N., Papen, H., Xu, Z., Seufert, G. &
2006. N2O, NO and CH4 exchange, and microbial N turnover over a Mediterranean
forest soil. Biogeosciences 3: 121–133. 
sch, H., & Rennenberg, H. 1998. Black Alder (Alnus glutinosa (L.) Gaertn.) trees 
mediate methane and nitrous oxid
Soil 201: 1-7. 
iller, C.L., & Hastie, D.R. 1996. Nitrous oxide and methane fluxes from perturbed a
unperturbed boreal forest sites in northern Ontario. J
101: 22767-22774.  
imel, J.P., Firestone, M.K., & Killham, K.S. 1984. Identification of heterotrop
nitrification in a sierran forest so
Schindlbacher, A., Zechmeister-Bolternstern, S., & Butterbach-Bahl, K. 2004. Effects of 
soil moisture and temperature on NO, NO2, and N2O emissions from European forest
ecosystems. 
doi:10.1029/2004JD004590. 
ek, M. 2000. Nitrification in soil – Terminology and methodology. Rostlinna Vyroba 
46: 385-39
Simojoki, A.  2001. Oxygen supply to plant roots in cultivated mineral soils. Diss., 
Department of Applied Chemistry and Microbiology, University of Helsinki.  Pro Terra
No. 7. Helsinki. 1-59. ISSN 1457-263X, ISBN 951-45-9926-8, ISBN 951-45-992
(PDF). 
Simojoki, A., & Jaakkola, A. 2001. Effect of nitrogen fertilization, cropping and irrigation
on soil air composition and nitrous oxide emission in a loamy clay. European Journal of
Soil Scien
–, Pihlatie, M., & Hari, P. 2007. Nitrogen in soils. In: Hari, P., & Kulmala, L. (eds.) Boreal
forest and climate change: a new predictive tool. Springer, in print. 
art, D.R., & Bloom, A.J. 2001. Wheat leaves emit nitrous oxide during nitrate 
assimilation. PNAS 98: 7875-7878. 
ith, K., & Dobbie, K.E. 2001. The impact of sampling frequency a
chamber-based measurements of N2O emissions from fertilized soils. Global Chang
Biology 7: 933-945. 
ous, M., & Jetten, M.S.M. 2004. Anae
Annual Review of Microbiology 58: 99-117. 
phen, K.D., Arah J.R.M., Daulat, W., & Clymo, R.S. 1998. Root-mediated gas transport
in peat determined by argon diffusion. Soil Biology and Biochemistry 30: 501-508
Stepniewski, W., Stepniewska, Z., Bennicelli, R.P., & Glinski, J. 2005. Oxygenology in 
outline. EU 5th Framework Program QLAM-2001-00428. Institute of Agrophysics 
PAS, Lublin, Poland, 1-
Strom, L., Mastepanov, M., Christensen, T.R. 2005. Species-specific effects of vascular 




Stull, R.B. 1988. An Introduction to Boundary Layer Meteorology. Kluwer Academic 
Publishers, Dordrecht, The Netherlands, 666 p. 
väsalo, E., Regina, K., Pihlatie, M., Esala, M. 2004. Emissions of nitSy rous oxide from 
–, R
d conventionally cultivated sandy 
Th
ience Society of America, Inc. Madison, 
Wa
y vascular plants in boreal peatlands. Journal of Geophysical Research. 
Wa
iology and Fertility of Soils 31: 20-29. 
 
Ya
boreal agricultural clay and loamy sand soils. Nutrient Cycling in Agroecosystems. 69: 
155-165. 
egina, K., Turtola, E., Lemola, R., & Esala M. 2006. Fluxes of nitrous oxide and 
methane, and nitrogen leaching from organically an
soil in western Finland. Agriculture, Ecosystems and Environment 113: 342-348.  
omas, G.W. 1996. Soil pH and Soil Acidity. In: Sparks, DL. (ed.) Methods of Soil 
Analysis, Part 3, Chemical Methods. Soil Sc
Wisconsin, USA. p. 475-490. 
ddington, J.M., Roulet, N.T., Swanson, R.V. 1996. Water table control of CH4 emission 
enhancement b
101: 22775-22785. 
ssmann, R., Aulakh, M.S. 2000. The role of rice plants in regulating mechanisms of 
methane missions. B
Wrage, N., Velthof, G.L., van Beusichem, M.L., & Oenema, O. 2001. Role of nitrifier
denitrification in the production of nitrous oxide. Soil Biology and Biochemistry 33: 
1723-1732. 
n X, Du Shi SL, Xing G. 2000. Pathways of N2O emission from rice paddy soil. Soil 
Biology and Biochemistry 32: 437–440. 
 
44
